Cardiorenal syndromes (CRSs) with bidirectional heart-kidney signaling are increasingly being recognized for their association with increased morbidity and mortality. In acute CRS, recognition of the importance of worsening kidney function complicating management of acute decompensated heart failure has led to the examination of this specific outcome in the context of acute heart failure clinical trials. In particular, the role of fluid overload and venous congestion has focused interest in the most effective use of diuretic therapy to relieve symptoms of heart failure while at the same time preserving kidney function. Additionally, many novel vasoactive therapies have been studied in recent years with the hopes of augmenting cardiac function, improving symptoms and patient outcomes, while maintaining or improving kidney function. Similarly, recent advances in our understanding of the pathophysiology of chronic CRS have led to reanalysis of kidney outcomes in pivotal trials in chronic congestive heart failure, and newer trials are including changes in kidney function as well as kidney injury biomarkers as prospectively monitored and adjudicated outcomes. This paper provides an overview of some new developments in the pharmacologic management of acute and chronic CRS, examines several reports that illustrate a key management principle for each subtype, and discusses opportunities for future research.
Acute Cardiorenal Syndrome
Acute cardiorenal syndrome (CRS) is simply defined as acute worsening of cardiac function leading to renal dysfunction (1) . More specifically, it is the development of AKI in the setting of hospitalization for acute decompensated heart failure or cardiogenic shock, and clinical phenotypes range from acute pulmonary edema with hypertension through severe peripheral fluid overload to cardiogenic shock and hypotension (2, 3) . AKI is itself defined as an increase in serum creatinine of $0.3 mg/dl ($26.4 mmol/L), an increase in creatinine to $1.5-to 2-fold from baseline, and/or urine output ,0.5 ml/kg per hour for .6 hours (4). Although many previous heart failure studies have not used this specific definition, the majority have used the term "worsening renal function," with a cutoff of increase in serum creatinine of $0.3 mg/dl, a value at which the odds ratio for mortality significantly increases (5).
The conventional explanation for acute CRS has revolved around hypotension with decreased cardiac output, neurohormonal activation, and renal hypoperfusion. With the observation that many patients hospitalized with evidence of acute CRS have preserved or even elevated BP and normal left ventricular ejection fraction (6) , some studies have noted the importance of renal congestion or renal venous hypertension and raised intra-abdominal pressure (7, 8) . Others have identified changes in systolic BP rather than cardiac index or right atrial pressure as being predictive of changes in kidney function (9) . Figure 1 presents a simple schematic depicting these hemodynamic relationships.
Studies on early management and prevention of acute CRS have focused on strategies to reduce congestion using boluses or infusions of intravenous diuretics and the use of vasodilators, with somewhat mixed results. Table 1 (adapted from House et al. [10] ) lists some of the more commonly used agents in both acute and chronic CRS, along with indications, expected actions, and potential problems. Therapies listed under categories for both acute and chronic CRS are not meant to be mutually exclusive because patients often move between these categories.
Since the early 1960s (11) , loop diuretics such as furosemide have been recognized as potent natriuretic agents and venodilators and have served as a mainstay of therapy for the patient presenting with signs and symptoms of acute decompensated heart failure and congestion, despite a dearth of clinical trial evidence for safety and efficacy. With use of diuretics, one strives to deplete the intravascular component of the extracellular fluid compartment at a rate that allows for adequate refilling from the interstitial space to avoid precipitous decreases in blood pressure and tissue hypoperfusion. This rate probably varies widely but was found in one study to be in excess of 600-700 ml per hour in the first hours of aggressive management of patients with severe congestion receiving ultrafiltration and highdose diuretics for decompensated heart failure (12). The complexity of this relationship between decongestion and acute CRS is evident in studies such as that of Testani et al., who found that hemoconcentration during management of decompensated heart failure was associated with not only worsening renal function but also improved 180-day survival (13) . With the uncertainty about diuretic strategies raised by previous observational studies, it is only recently that clinical trials in patients with acute heart failure have been conducted to examine the most effective and safe way to use these agents, in terms of dose and administration as bolus versus infusion.
In the Diuretic Optimization Strategies Evaluation (DOSE-HF) study, Felker and colleagues (14) enrolled 308 patients with acute decompensated heart failure and a serum creatinine level ,3.0 mg/dl (265.2 mmol/L) and used a 232 factorial design comparing low-dose versus high-dose furosemide, given as an intravenous bolus (every 12 hours) or a continuous infusion. Low dose was considered as the usual prehospitalization oral dose given intravenously, and high dose was approximately 2.5-fold greater. On the basis of the primary outcome of the study, the authors concluded that there were no significant differences in patients' global assessment of their symptoms or in the change in renal function when the dose or administration strategy was compared. Although on the surface it appears to be a negative or neutral trial, based on the co-primary endpoints, the data warrant deeper scrutiny. It is true that the global visual analogue scale score did not differ between dosages, but there was a trend toward better symptom control in the high-dose group (P50.06). In addition, looking specifically at several secondary endpoints, the area under the curve for dyspnea scores at 72 hours, weight change at 72 hours, and net fluid loss at 72 hours improved significantly, with a numerically greater change in N-terminal pro-brain natriuretic peptide (NTproBNP) (P50.06), all in favor of the high-dose group. Furthermore, the low-dose group was much less likely to be able to convert from intravenous to oral formulation at 48 hours (17% versus 31%; P,0.001) and was more likely to require a 50% increase in dose at 48 hours (24% versus 9%; P50.003). In terms of bolus versus continuous infusion, the bolus group received a median dose of study medication of 518 mg versus 406 mg at 72 hours (P50.008) and was twice as likely to require a dose increase as the infusion group (21% versus 11%; P50.01).
Of note, these improved clinical outcomes did not seem to come at the expense of renal function, as measured by change in creatinine from baseline to 72 hours as a coprimary endpoint, although a secondary outcome of increase in serum creatinine of $0.3 mg/dl was observed with greater frequency in the high-dose group, which does meet the definition of AKI. However, on inspection of the supplementary data ( Figure 2 , adapted from [14] ) for changes in serum creatinine and cystatin C over 60 days (all P.0.05), there seems to be no appreciable difference in kidney function change between any of the groups.
Additional insights into effective use of diuretics can be found in the recently published comparison of a stepped pharmacologic approach versus ultrafiltration in patients with acute decompensated heart failure and worsening kidney function (15) . In this study, called the Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF), the diuretic strategy yielded similar outcomes in terms of fluid loss and symptom control but had better renal outcomes. At 96 hours, the mean change in the serum creatinine level was a decrease of 0.0460.53 mg/dl (3.5646.9 mmol/L) in the stepped pharmacologic therapy group, compared with an increase of 0.2360.70 mg/dl (20.3661.9 mmol/L) in the ultrafiltration group (P50.003). Mortality or rehospitalizations did not differ, but the ultrafiltration group experienced more serious adverse events.
The specifics of the stepped pharmacologic approach may be found in the supplementary materials provided with that report, but in brief, patients were given a bolus followed by infusion of intravenous furosemide according to their usual prehospitalization dose, with the total daily dose at least two-fold greater than baseline. The investigators then targeted urine output of approximately 3-5 L per day, and amounts greater or less than this target would allow the dosage of diuretic to be decreased or increased, respectively, according to a fairly simple grid. Metolazone was added to Figure 1 . | Dual hemodynamic pathways for acute cardiorenal syndrome. In this schematic, impaired forward flow and decreased effective circulating volume, as would be seen in severe systolic heart failure or cardiogenic shock, leads to arterial underfilling and activation of neurohormonal and inflammatory pathways. Autoregulation of GFR fails and kidney function declines, leading to worsening fluid retention, preload, and afterload. In a separate process, venous congestion and high right-sided pressure predominate, as would be seen in heart failure with preserved ejection fraction or isolated right heart failure. This also leads to decreased kidney function, worsening of fluid retention, and increased preload and afterload. These pathways are not mutually exclusive and often coexist in the same patient to varying degrees. AV, arteriovenous; IAP, intra-abdominal pressure; RAAS, renin-angiotensin-aldosterone system; RBF, renal blood flow; RPF, renal plasma flow; SNS, sympathetic nervous system. Adapted from reference 10, with permission. CRS, cardiorenal syndrome; ACE, angiotensin-converting enzyme; ARB, angiotensinreceptor blocker; CHF, congestive heart failure; RAAS, renin-angiotensin-aldosterone system; ADHF, acute decompensated heart failure. augment diuresis. Vasodilators or inotropes could be added on the basis of failure to achieve clinical targets and depending on BP and ejection fraction.
Putting the results of these trials into perspective, it would seem that a strategy for care of patients with acute decompensated heart failure of accelerating loop diuretic dose, preferentially using high-dose infusion over bolus administration, and adding the potent thiazide metolazone, while reserving vasodilators, inotropes, and salvage ultrafiltration for more refractory cases, would be expected to improve symptoms and decongest patients without necessarily compromising kidney function any further. Noteworthy is the fact that only approximately half of the patients in the CARRESS-HF study were receiving angiotensin-converting enzyme (ACE) inhibitors or angiotensin-receptor blockers before hospitalization. These agents, by virtue of their preferential effects on the efferent arteriole, are often reduced or withheld during the management of acute decompensated heart failure or acute CRS because they impair the maintenance of GFR, particularly in states of decreased effective circulating volume, and may also contribute to hyperkalemia. Continuing these agents, where possible, with close monitoring of renal function and potassium would be desirable to reap their proven benefits in terms of cardiovascular outcomes and mortality.
Because an important pathophysiologic component to reduction in GFR in relation to heart failure involves the persistence of renal vasoconstriction related to tubuloglomerular feedback (16) and the action of vasoactive peptides, such as adenosine and endothelin (17, 18) , as well as a diminished response to endogenous natriuretic peptides, there has been great interest in using pharmacologic agents to target these maladaptive renal responses. Several novel approaches have shown promising results in preclinical or early clinical trials in terms of clinical outcomes, including acute CRS. Unfortunately, larger-scale randomized controlled trials have been disappointing for agents that target receptors for endothelin (19) (20) (21) , adenosine (22) , and vasopressin (23) . Likewise, use of pharmacologic doses of the natriuretic peptide nesiritide in acute decompensated heart failure failed to provide significant clinical benefits and did not prevent acute CRS (24) . When patients have low BP and poor renal perfusion, positive inotropes, such as dobutamine or phosphodiesterase inhibitors, are advocated (3), although limited data demonstrate efficacy and safety for prevention or treatment of acute CRS. In fact, the use of inotropes may accelerate some harmful processes, such as ischemia or arrhythmia; milrinone, for example, had a higher incidence of hypotension, more arrhythmias, and no benefit on mortality or hospitalization in patients with acute decompensated heart failure (25) . Levosimendan, a phosphodiesterase inhibitor with calcium sensitizing activity, has shown inconsistent results for prevention and treatment of acute CRS (26) (27) (28) and is currently unavailable in North America.
One pharmacologic agent that has generated recent enthusiasm for the role of vasoactive drugs in the management of acute decompensated heart failure is a recombinant human relaxin-2 called serelaxin. Relaxin is an endogenous peptide that plays a role in the maternal circulatory changes associated with pregnancy and has effects on arterial compliance, cardiac output, and renal blood flow that could counterbalance the maladaptive changes seen in acute CRS. In the RELAXin in Acute Heart Failure (RELAX-AHF) trial (29) , investigators compared standard care plus 48-hour intravenous infusions of placebo or serelaxin (30 mg/kg per day) within 16 hours of presentation with acute heart failure in .1100 patients. They demonstrated statistically significant improvement in visual analogue scale area under the curve dyspnea scores and fewer deaths at 180 days (hazard ratio, 0.63; P50.019), although the latter was a secondary outcome. More patients receiving placebo had adverse events related to renal impairment compared with serelaxin (placebo, 51 patients [9%]; serelaxin, 32 [6%]; P50.03).
In a subsequent publication (30) , the investigators assessed kidney function in the study in more detail. Blood was sampled at days 2, 5, and 14 for creatinine and cystatin-C, and acute CRS was defined as increases in serum creatinine and plasma cystatin-C values of 0.3 mg/dl and 0.3 mg/L, respectively. Relative changes from baseline for both analytes were more favorable in the serelaxin group, and fewer patients receiving serelaxin reached the aforementioned thresholds. Specifically, at day 2, 19.8% treated with placebo versus 10.9% treated with serelaxin had experienced an increase in serum creatinine $0.3 mg/dL (P,0.001).
Notwithstanding improvements in our understanding and management of acute heart failure and acute CRS, the aforementioned studies also highlight a discouraging reality, as eloquently described in a recent editorial by Fonarow (31) . He observed that patients with heart failure being cared for in clinical trial centers with highly experienced clinicians and staff still experience unacceptably high rates of death, rehospitalization, or emergency department visits, irrespective of treatment assignment, and concluded that "clearly, there is a crucial need to develop new agents and effective strategies for this patient population" (31) .
Chronic Cardiorenal Syndrome
Chronic CRS is defined as chronic abnormalities in cardiac function leading to renal dysfunction (1). Examples of this would include progressive CKD resulting from congenital or acquired chronic congestive heart failure or from repeated episodes of acute CRS. Animal studies and human observational evidence demonstrate that chronic heart failure leads to varying degrees of albuminuria/ proteinuria, progressive decline in GFR, and expression of renal injury biomarkers (32, 33) . Key to the pathophysiology is chronic activation of the renin-angiotensin-aldosterone system (RAAS) and sympathetic nervous system as a result of arterial underfilling and/or venous congestion. Inflammatory pathways are activated, leading to progressive glomerulosclerosis and tubular fibrosis and atrophy (34) .
Despite our current recognition of the importance of the RAAS in progression of CKD, unfortunately many of the pivotal trials of angiotensin blockade (with ACE inhibitors or ARBs) for congestive heart failure examined renal function as a safety endpoint, and there is a paucity of information on clinically important long-term renal endpoints in these studies. An additional shortcoming of the existing data is the difficulty in using changes in the surrogate outcome of serum creatinine (or estimated GFR) because hemodynamic (and potentially reversible) changes in GFR are a known feature of angiotensin blockade, due to the role of efferent arteriolar vasoconstriction in the regulation of glomerular pressure and filtration.
In the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS), randomization to enalapril was associated with a marked reduction in mortality and improvement in symptoms (35) . A post hoc analysis of the data (36) showed that patients treated with enalapril had an early rise in serum creatinine to about 10%-15% above baseline (typically within the first 2 weeks). After this, the rate of increase was much slower and similar to that seen with placebo, consistent with the aforementioned hemodynamic effect. Doubling of creatinine was reported in 11% of enalapril recipients compared with 3% of controls, although intercurrent illness or hypotension was the explanation for most of these instances. In most of these patients, the creatinine decreased to within 30% of baseline; this includes many patients who continued to receive enalapril, albeit at a reduced dose.
In Studies of Left Ventricular Dysfunction (SOLVD) (37), enalapril decreased the incidence of symptomatic heart failure and hospitalizations. However, the investigators demonstrated a 33% greater likelihood of experiencing an increase in creatinine of $0.5 mg/dl (44 mmol/L) from baseline in the enalapril group (P50.003) and found in multivariable analysis that age, decreased ejection fraction, diabetes, and diuretics were also associated with higher risk, whereas b-blockers appeared to be protective (38) . The study provided no detail on more serious outcomes, such as doubling of creatinine or ESRD. A more recent post hoc analysis of SOLVD study data using estimated GFR found that in 22% of all patients, regardless of treatment assignment, estimated GFR decreased by at least 20% in a follow-up period just short of 3 years, indicating how common progressive CKD is in this population (39) . In the multivariable analysis, enalapril was not associated with rapid decline of GFR, but the analysis did not indicate whether RAAS blockade was protective for important long-term renal outcomes.
The Captopril and Thrombolysis Study (CATS) randomly assigned 298 patients with a first anterior-wall myocardial infarction to captopril or placebo, initiated immediately upon completion of the streptokinase infusion (40) . This study, although not in patients with heart failure per se, did demonstrate a more rapid decline in GFR in the subsequent year after infarction than would ordinarily be expected, as well as the development of heart failure in a significant proportion of patients. The investigators found an abrupt early decline of GFR in the captopril group that was greater than in the control group; subsequently, the rate of decline leveled in the captopril group but continued to steadily decrease in the control group (Figure 3 from reference 40 ). This resulted in a GFR decline of 5.5 ml/min per 1.73 m 2 in the first year in the placebo group, compared with a decrease of only 0.5 ml/min per 1.73 m 2 in the ACE inhibitor group (P,0.05). The study did not report clinically important long-term renal outcomes.
Similar difficulties in the interpretation of aldosterone antagonism in heart failure and its effect on renal function may be found in the literature. For instance, the Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS) demonstrated that the addition of the low-dose mineralocorticoid receptor antagonist eplerenone to standard medical therapy for patients with acute myocardial infarction and heart failure with reduced ejection fraction improved mortality by 15%. Patients assigned to eplerenone had a decline in estimated GFR of 1.4 ml/min per 1.73 m 2 compared with placebo (P50.0001), a difference that emerged within the first month and persisted throughout the study, with similar GFR slopes after the first month (41) . Although eplerenone was associated with early worsening of GFR, there was no significant interaction between worsening GFR and the beneficial effect of eplerenone on cardiovascular death or hospitalization. The study provided no data on doubling of creatinine or ESRD.
These examples highlight the difficulty of examining a surrogate, such as change in creatinine or estimated GFR, to assess whether interruption of RAAS is able to block the pathophysiologic changes that lead to progressive CKD complicating heart failure. They also demonstrate the limitations of post hoc analysis because many of the renal data were incomplete. With increasing recognition of the importance of the emergence or progression of CKD in this population, ongoing clinical trials are capturing renal data prospectively, and some are incorporating injury biomarkers in their analysis.
Although it is unethical for investigators to ever study angiotensin blockade against placebo in heart failure trials, given the overwhelming evidence of mortality and morbidity benefit, an ongoing trial will certainly shed muchneeded light on this issue. The PARADIGM-HF study (clinicaltrials.gov identifier NCT01035255) is comparing the efficacy and safety of LCZ696 versus enalapril on morbidity and mortality in 8000 patients with chronic heart failure (New York Heart Association class II-IV and ejection fraction #35%), with a primary outcome of cardiovascular death or heart failure hospitalization over 4 years of study. The investigators are prospectively collecting renal function data with time to renal dysfunction as a predefined secondary outcome. Because LCZ696 combines the ARB actions of valsartan with the neprilysin inhibitor prodrug AHU377 in a single molecule (enhancing the actions of endogenous BNP), this provides an excellent opportunity to examine this combined approach of RAAS blockade and vasodilator against RAAS blockade alone, while furthering our understanding of chronic CRS.
A smaller phase 2 study of LCZ696 versus valsartan alone in patients with heart failure and preserved ejection fraction, the Prospective comparison of ARNI with ARB on Management Of heart failUre with preserved ejectioN fracTion (PARAMOUNT), found that LCZ696 reduced NT-proBNP to a greater extent, reduced left atrial size and improved remodeling, lowered blood pressure, and improved heart failure symptoms (42) . At the same time, the investigators showed preservation of estimated GFR to a greater extent, with a 36-week decline in the LCZ696 group of 1.6 ml/min per 1.73 m 2 versus 5.2 ml/min per 1.73 m 2 in the valsartan group (P50.007).
Finally, a small study of BAY 94-8862 in patients with heart failure and CKD is taking the investigation of chronic CRS a step further by examining the effects of this nonsteroidal, mineralocorticoid receptor antagonist on biomarkers of cardiac and renal function and injury (43) . The MinerAlocorticoid Receptor Antagonist Tolerability Study (ARTS) will be measuring BNP, NT-proBNP, kidney injury molecule-1, neutrophil gelatinase-associated lipocalin, cystatin-C and other biomarkers and should inform future chronic CRS trials.
Summary
Recent focus on the importance of abrupt changes in kidney function during episodes of acute decompensated heart failure (acute CRS) and the role of chronic congestive heart failure as a contributor to progressive CKD (chronic CRS) is leading to improved diagnostic tools and pharmacologic treatments for these conditions. Whether it is the development of novel therapies, such as recombinant relaxin or neprilysin inhibition, or a better understanding of optimal use of existing therapies, such as diuretics and RAAS blockade, the last few years have seen major steps forward in the management of CRS, and future studies hold significant promise. 
